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ABSTRACT
Context. Sulphur is an important, volatile α element but its role in the Galactic chemical evolution is still uncertain and more obser-
vations constraining the sulphur abundance in stellar photospheres are required.
Aims. In this work we derive the sulphur abundances in red giant branch (RGB) stars in three Galactic halo globular clusters (GC)
that cover a wide metallicity range (−2.3 <[Fe/H]< −1.2), namely M 4 (NGC 6121), M 22 (NGC 6656), and M 30 (NGC 7099). The
halo field stars show a large scatter in the [S/Fe] ratio in this metallicity span, which is inconsistent with canonical chemical evolution
models. To date, very few measurements of [S/Fe] exist for stars in GCs, which are good tracers of the chemical enrichment of their
environment. However, some light and α elements show star-to-star variations within individual GCs and it is yet unclear whether the
α element sulphur also varies between GC stars.
Methods. We used the the infrared spectrograph CRIRES to obtain high-resolution (R ∼ 50000), high signal-to-noise (SNR ∼ 200 per
px) spectra in the region of the S I multiplet 3 at 1045 nm for 15 GC stars selected from the literature (6 stars in M 4, 6 stars in M 22
and 3 stars in M 30). Multiplet 3 is better suited for S abundance derivation than the more commonly used lines of multiplet 1 at
920 nm, since its lines are not blended by telluric absorption or other stellar features at low metallicity.
Results. We used spectral synthesis to derive the [S/Fe] ratio of the stars assuming local thermodynamic equilibrium (LTE). We find
mean [S/Fe]LTE = 0.58 ± 0.01 ± 0.20 dex (statistical and systematic error) for M 4, [S/Fe]LTE = 0.57 ± 0.01 ± 0.19 dex for M 22,
and [S/Fe]LTE = 0.55 ± 0.02 ± 0.16 dex for M 30. The negative NLTE corrections are estimated to be in the order of the systematic
uncertainties. We do not detect star-to-star variations of the S abundance in any of the observed GCs with the possible exception of
two individual stars, one in M 22 and one in M 30, which appear to be highly enriched in S.
Conclusions. With the tentative exception of two stars with measured high S abundances, we conclude that sulphur behaves like a
typical α element in the studied Galactic GCs, showing enhanced abundances with respect to the solar value at metallicities below
[Fe/H] −1.0 dex without a considerable spread.
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1. Introduction
Sulphur is one of the less studied α-elements (produced by se-
quential capturing of He nuclei) in stars. In general, the produc-
tion site of the α-elements such as O, Ne, Mg, Si, S, Ar, Ca,
and Ti is mainly associated with the eruptions of type II super-
novae (SNe II). In contrast, the major fraction of the iron-peak
elements abundance comes from SNe Ia, which contribute little
or no α-elements. The different timescales of the occurrence of
SNe Ia or II makes the [α/Fe] ratio a powerful tool for diagnos-
ing the chemical evolution and star formation history (SFH) of
any stellar population (Tinsley 1979; Matteucci & Brocato 1990;
McWilliam et al. 2013). In the Milky Way, the metal poor stars
([Fe/H] < −1.0 dex) form a plateau at [α/Fe] ∼ 0.4 dex. With
the onset of SNe Ia, at metallicities above [Fe/H] ∼ −1.0 dex,
the [α/Fe] ratio starts to gradually drop reaching solar values
(McWilliam 1997). In dwarf galaxies that experienced slower
star formation, lower values of [α/Fe] are observed even at low
⋆ Based on observations made with ESO telescopes at the La Silla
Paranal Observatory under programmes ID 091.B-0171(A).
⋆⋆ Member of the International Max Planck Research School for As-
tronomy and Cosmic Physics at the University of Heidelberg, IMPRS-
HD, Germany.
metallicities, owing to the lower enrichment rate of the inter-
stellar medium from SNe II (see Shetrone et al. 2001, 2003;
Venn et al. 2004; Tolstoy et al. 2009; Hendricks et al. 2014, and
references therein). Although different α elements are produced
on similar timescales, they show element-to-element scatter due
to different production mechanisms, either through He burning
in the cores of massive stars, or during the SNe explosions them-
selves. In particular, sulphur (along with Si, Ar, and Ca) is pro-
duced during both the O-shell burning and explosive oxygen
burning phases (Limongi & Chieffi 2003).
Sulphur is an especially interesting α-element because it is
not depleted onto dust (Ueda et al. 2005) and is thus a genuine
tracer of the "true" S abundance of the ISM and the stellar photo-
spheres. In fact, sulphur is a preferred tracer of the α abundance
in interstellar gas (Garnett 1989; Savage & Sembach 1996) and
in high redshift star forming environments such as damped Ly-α
systems (Centurión et al. 2000; Nissen et al. 2004; Bowen et al.
2005). The existing sulphur measurements in halo field stars
show that the [S/Fe] ratio is increasing with decreasing [Fe/H] at
higher metallicities, reaching an average value of about 0.4 dex
but its behaviour at lower metallicities is still rather controver-
sial. Different studies report either a bimodality of the [S/Fe]
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ratio with a flat plateau and a branch of increasing abundance,
reaching [S/Fe] ∼ 0.8 dex, or a plateau with a large scatter (see
e.g. Nissen et al. 2004; Caffau et al. 2005a; Nissen et al. 2007;
Spite et al. 2011; Jönsson et al. 2011; Matrozis et al. 2013, and
references therein).
Globular clusters (GCs) represent the oldest stellar popula-
tions in the Milky Way and are examples of very dense envi-
ronments. Long time considered as simple stellar populations,
nowadays we recognize their complex SFH through precise
abundance analysis of a variety of chemical elements in individ-
ual cluster member stars. All GCs, studied to date, present sig-
nificant spreads and certain unique correlations in their light and
α element abundances – generally taken as a clue for multiple
enrichment phases (see the recent review by Gratton et al. 2012).
Still, sulphur abundances have been derived in very few GCs due
to the difficulties that such measurements entail. Sulphur lines in
the optical spectral range are generally very weak in giant stars.
At the same time, these brighter stars are often the only accessi-
ble tracers in remote and faint GCs. To date, the strong multiplet
1 (920 nm) has been used to obtain sulphur abundances in GCs
(Caffau et al. 2005b; Sbordone et al. 2009; Koch & Caffau 2011;
Caffau et al. 2014) but these lines are often blended with telluric
absorption lines and one of them is positioned in the blue wing of
the Paschen ζ line and thus cannot always be reliably measured.
This makes the Mult. 3 at 1045 nm particularly suited to measure
the sulphur abundance. Even if the lines are not as strong as the
components of Mult. 1, a big advantage is that there are no tel-
luric features in this wavelength range. Observing the 1045 nm
sulphur lines leads to reliable results even at lower metallicities
and will give independent and possibly more accurate sulphur
abundances in GCs than using Mult. 1 (Caffau et al. 2007, 2010;
Jönsson et al. 2011).
The metal rich GC Ter 7 ([Fe/H] = −0.32 dex) is the first
GC, for which S abundances were ever derived. The three
stars measured by Caffau et al. (2005b) are also the only ex-
tragalactic stars with known [S/Fe] ratio, since Ter 7 is asso-
ciated with the disrupted Sagittarius dwarf spheroidal galaxy.
Caffau et al. (2005b) determined mean S abundance in Ter 7
slightly lower (by ∼ 0.1 dex) than in Galactic stars at similar
metallicity. Sbordone et al. (2009) analysed 9 stars in the GC
47 Tuc ([Fe/H] = −0.72 dex) and 4 stars in NGC 6752 ([Fe/H] =
−1.54 dex), deriving [S/Fe] = 0.18 ± 0.14 and [S/Fe] = 0.49 ±
0.15 dex for both GCs, respectively, consistent with the results
of field stars. Curiously, Sbordone et al. (2009) reported a star-
to-star variation in the observed [S/Fe] ratio in 47 Tuc, which
although not significant with respect to the large measurement
uncertainties, showed a strikingly clear correlation with the Na
abundance. The authors considered different possibilities for the
occurrence of such correlation including that S may be involved
in the self-enrichment processes of GCs through the 31P(p, γ)32S
proton capture reaction. Koch & Caffau (2011) analysed a single
star in the metal poor GC NGC 6397 ([Fe/H] = −2.0 dex), de-
termining [S/Fe] = 0.52 ± 0.2 dex, consistent with the halo filed
population. We also note the recent work by Caffau et al. (2014),
which provides [S/Fe] measurements for several metal rich open
clusters and includes the GC M 4, analysed in the present work.
Here, we present the homogeneous analysis of 15 bright
RGB stars in three different GCs that cover together a wide range
of metallicities (−2.3 < [Fe/H] < −1.2 dex). Such strategy can
provide answers to several basic questions. It is interesting to
find out whether a dichotomy or a large spread of the [S/Fe] ra-
tio, as observed in the halo field stars, could also be found in
GCs. The generally large uncertainties of the [S/Fe] measure-
ments in the halo field stars are mostly driven by uncertainties
of the atmospheric parameters (Matrozis et al. 2013) and thus,
tracing the [S/Fe] ratio with GCs will lead to more accurate re-
sults due to the much better constrained distances, gravities, and
effective temperatures of GC stars from colour-magnitude dia-
grams (CMD). Additionally, our data will help to check if there
are star-to-star variations of the S abundance in the different GCs
and whether they correlate with the other α and light element
abundances, such as O, Na, Si, Mg, and Al.
The three selected clusters are amongst the closest to the Sun
that cover an optimally broad metallicity range and are all well
studied objects. The proximity and simple CMDs of M 4 and
M 30 make them desirable candidates for many observational
and theoretical studies testing the current stellar evolutionary
models. M 30 is also notable for its very low metallicity [Fe/H]=
−2.3 dex. M 22, on the other hand, is amongst the most massive
GCs. It has a very complex CMD with prominent multiple popu-
lations and a large metallicity spread (−1.9 < [Fe/H] < −1.6 dex
Da Costa et al. 2009; Marino et al. 2009). It is often considered
as a remainder of a disrupted dwarf galaxy and will thus add
another, important comparison object to our study.
In this paper we present the largest compilation of sulphur
abundance measurements in Galactic clusters to date.
2. Target selection and observations
We chose our targets from existing high-resolution surveys of
these GCs in the visible band; M 4 stars were chosen from
Marino et al. (2008); M 22 stars from Marino et al. (2009, 2011);
M 30 stars from Carretta et al. (2009a,b). Our intention was to
select bright RGB stars that belong to different populations in
the selected GCs. To this end, we targeted stars with different Na
and O abundances in M 4 and M 30. M 22, on the other hand,
is known to harbour stars with a wide metallicity spread, so we
selected stars with different [Fe/H]. The adopted stellar param-
eters of the observed stars from the literature are presented in
Table 1. Choosing stars for which high-resolution spectroscopy
was already available is also important for constraining their at-
mospheric parameters, such as effective temperature, gravity, mi-
croturbulence velocity, and metallicity, necessary for abundance
determination. This is only possible if a large set of Fe I and Fe
II lines are available, which is not the case with the narrow wave-
length coverage of our spectra. Note, however, that the effective
temperatures and gravities of the three stars in M 30 were deter-
mined photometrically by Carretta et al. (2009b) and likely have
larger uncertainties. We still opted to rely on them since these
parameters were used by Carretta et al. (2009b) to derive abun-
dances of other chemical elements in these stars, with which we
aim to compare our S abundance estimates.
To compare both approaches, we compared the stellar pa-
rameters for ∼ 80 stars in common between the Marino et al.
(2008) and Carretta et al. (2009b) studies. The effective tem-
peratures determined by Carretta et al. (2009b) are by ∼ 100 K
lower on average than those in Marino et al. (2008) for M 4 with
σ = 45 K and the log g values used by Carretta et al. (2009b)
are by 0.3 dex lower on average with σ = 0.15 dex. Marino et al.
(2008) find a lower spread in microturbulence and a larger spread
in metallicities among the common stars, while Carretta et al.
(2009b) find the opposite, i.e., a larger spread in microturbulence
and a lower spread in metallicity. The average differences are
0.13 km s−1 in microturbulence and 0.13 dex in [Fe/H] between
the two studies.
Our spectra were taken in service mode under Programme ID
091.B-0171(A) with the VLT cryogenic high-resolution infrared
echelle spectrograph (CRIRES Kaeufl et al. 2004) mounted at
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Table 1. Atmospheric parameters and [S/Fe] ratios of the targeted stars.
ID Te f f log g vmic [Fe/H] [Na/Fe] [O/Fe] [Mg/Fe] [Ca/Fe] vmac4 [S/Fe]LTE5
[K] [dex] km s−1 [dex] [dex] [dex] [dex] [dex] km s−1 [dex]
M 41
19925 4050 1.20 1.67 −1.02 0.51±0.04 0.28±0.04 0.43±0.06 0.19±0.03 6.5±0.1 0.57±0.02
21191 4270 1.60 1.60 −1.06 0.51±0.04 0.34±0.04 0.55±0.06 0.24±0.03 4.8±0.1 0.58±0.02
27448 4310 1.57 1.58 −1.12 0.11±0.04 0.51±0.04 0.50±0.06 0.29±0.03 4.9±0.1 0.57±0.01
28103 3860 0.50 1.62 −1.08 0.17±0.04 0.50±0.04 0.41±0.06 0.16±0.03 6.3±0.1 0.65±0.02
34006 4320 1.67 1.61 −1.06 0.44±0.04 0.25±0.04 0.52±0.06 0.26±0.03 5.7±0.1 0.50±0.02
36215 4300 1.59 1.53 −1.11 0.18±0.04 0.48±0.04 0.52±0.06 0.26±0.03 5.5±0.2 0.59±0.02
M 222
200005 4000 0.05 2.02 −1.94 −0.02±0.03 0.40±0.04 0.46±0.04 0.24±0.02 11.9±0.2 0.78±0.01
200025 4100 0.67 1.80 −1.62 0.26±0.03 0.49±0.04 0.44±0.04 0.42±0.02 8.5±0.2 0.57±0.02
200031 4300 0.77 1.55 −1.85 0.31±0.03 0.18±0.04 0.34±0.04 0.20±0.02 9.4±0.2 0.51±0.02
200051 4260 0.90 1.60 −1.63 0.73±0.03 −0.05±0.04 0.44±0.04 0.40±0.02 6.8±0.2 0.58±0.02
200061 4430 1.05 1.70 −1.78 −0.17±0.03 0.34±0.04 0.54±0.04 0.28±0.02 12.1±0.6 0.61±0.03
200068 4500 1.30 1.52 −1.84 −0.01±0.03 0.45±0.04 0.23±0.04 0.22±0.02 9.4±0.3 0.56±0.02
M 303
5783 4463 1.17 2.32 −2.33 0.57±0.02 0.16±0.12 ... ... 8.7±0.7 0.57±0.03
10849 4365 0.96 2.34 −2.40 0.65±0.04 −0.29±0.20 ... ... 11.9±0.9 0.86±0.04
11294 4258 0.41 2.14 −2.37 0.07±0.07 0.28±0.08 0.51±0.20 ... 12.2±0.4 0.53±0.02
Notes. (1) IDs, atmospheric parameters and abundances from Marino et al. (2008). The adopted Solar values are as follows: A(Fe) = 7.48,
A(Na) = 6.32, A(O) = 8.83, A(Mg) = 7.55, A(Ca) = 6.39.
(2) IDs, atmospheric parameters and abundances from Marino et al. (2009). The adopted Solar values are as follows: A(Fe) = 7.48, A(Na) = 6.31,
A(O) = 8.83, A(Mg) = 7.54, A(Ca) = 6.39.
(3) IDs, atmospheric parameters and abundances from Carretta et al. (2009a,b). The adopted Solar values are as in Gratton et al. (2003):
A(Fe) = 7.54, A(Na) = 6.21, A(O) = 8.79, A(Mg) = 7.43, A(Ca) = 6.27.
(4) The macroturbulence velocity (vmac) is a free parameter in the fitting procedure.
(5) The adopted Solar values are A(Fe) = 7.50, A(S) = 7.16 (Caffau et al. 2011).
the Nasmyth focus A of the UT1 telescope (Antu). We used
the 0.4′′ slit, which provides a resolving power R ∼ 50000
and a dispersion scale on the four parallel, 512 px CCD chips
of 0.05 Å px−1. The S I multiplet 3 was centred on chip 3. We
used relatively short exposure times (between 30 and 300 s) with
a nodding cycle between each exposure. The total integration
time was chosen as to achieve a SNR ∼ 200 per px in the re-
gion of the sulphur lines. In the nodding technique, each star is
moved along the slit and exposed at two different positions. This
allows for proper sky subtraction and removal of systematic ef-
fects, such as amplifier glow. The final, combined spectra are the
mean of all short exposures. The science targets were also used
as guide stars for the adaptive optics system. The observing log
is presented in Table 2.
For the data reduction, we used the standard CRIRES
pipeline (version 2.3.1) provided by ESO. The pipeline allows
dark current subtraction, bad pixel correction, sky subtraction,
flat-field correction, non-linearity correction, wavelength cali-
bration from a Th-Ar lamp, and an extraction and combination
of the final 1D spectrum from the science images. We noticed
that the wavelength calibration was suboptimal due to the very
few Th-Ar lamp lines with sufficient brightness available in the
observed region, so we additionally refined the wavelength so-
lution using the available stellar lines in the spectra. Finally, the
spectra were continuum normalised by fitting the continuum re-
gions with a high order polynomial.
Table 2. Observing log.
ID V Date Exp. time SNR
[mag] [s] [px−1]
M 4
19925 11.04 Jun. 23/24 2013 8 × 60 220
21191 11.70 Sep. 13/14 2013 8 × 120 230
27448 11.73 Sep. 13/14 2013 8 × 120 230
28103 10.71 Apr. 5/6 2013 6 × 60 240
34006 11.87 Sep. 6/7 2013 8 × 120 160
36215 11.80 Sep. 6/7 2013 8 × 120 140
M 22
200005 10.92 Jun. 19/20 2013 8 × 60 230
200025 11.52 Jun. 19/20 2013 12 × 60 190
200031 11.64 Jun. 19/20 2013 8 × 120 180
200051 12.04 Jun. 20/21 2013 10 × 120 140
200061 12.21 Aug. 9/10 2013 14 × 180 100
200068 12.30 Aug. 10/11 2013 16 × 120 170
M 30
57831 12.71 Jul. 27/28 2013 8 × 300 140
57831 12.71 Aug. 22/23 2013 8 × 300 140
10849 12.55 Jul. 27/28 2013 12 × 300 100
11294 12.09 Aug. 22/23 2013 6 × 300 220
Notes. (1) This star was observed in two nights. The stated SNR is for
the combined spectrum of all 16 × 300 s exposures.
3. Results
3.1. Spectral synthesis
We derived the S abundance for each of the observed stars
through a full spectral synthesis using the LTE code “Spec-
troscopy Made Easy” (SME Valenti & Piskunov 1996). We de-
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Fig. 1. Synthetic spectra illustrating the relative contribution of the Fe I
line (blue dash-dotted line) at 1045.5 nm to the S I line at the same wave-
length (red line) with respect to the combined spectral feature (thick
dashed black line) at the metallicities of the three GCs assuming Solar
abundance mix.
rived our line list from the VALD database (Kupka et al. 1999,
2000). The transition parameters of the lines in multiplet 3 and
the Fe I line at 1047.0 nm are presented in Table 3. There is no se-
vere line blending in the wavelength region of multiplet 3. Only
the S I line at 1045.3 nm is blended with a Fe I line but the latter
has a marginal contribution at [Fe/H] ∼ −1 dex and practically
disappears at lower metallicities. The relative contribution of this
Fe I line lying on top of the S I feature is shown in Figure 1 for
the metallicities of the three GCs. The atomic data for this blend-
ing iron line is also given in Table 3. All other transitions on top
of the S triplet are of a negligible strength but we note that we use
the complete line-list of the VALD database, including molecu-
lar bands in the respective wavelength interval in our synthesis.
The region is free of telluric absorption lines. We interpolated
the new grid of Kurucz1 plane-parallel, one-dimensional mod-
els without convective overshoot. These include the α-enhanced
opacity distribution functions (AODFNEW; Castelli & Kurucz
2003)2. The models fully cover the parameter space of all stars
in our sample with steps ∆Te f f = 250 K, ∆ log g = 0.5 dex, and
∆[Fe/H] = 0.5 dex. Kurucz models have also been used for the
derivation of the stellar parameters (Table 1). We further discuss
the impact of different atmospheric models to the S abundances
in Section 3.2.
SME performs a χ2 minimisation algorithm iterating a de-
fined set of free parameters. In our case, we used the [S/Fe] ratio
and the macroturbulence velocity of the stars as free parameters
to simultaneously fit the three S lines from multiplet 3 and the
only prominent Fe line in the region (see Figures 2, 3, 4). The
stellar parameters, as presented in Table 1, were kept constant.
The goodness of fit of the Fe I line shows the suitability of the in-
put atmospheric parameters, since it is only affected by changes
in the broadening parameter – the macroturbulence velocity in
this case.
The estimated [S/Fe] ratio in LTE and the best-fit values for
the macroturbulence velocity for each star together with the sta-
tistical uncertainties are presented in the last two columns of
Table 1. We used the value of A(S) = 7.16 dex and A(Fe) =
1 http://kurucz.harvard.edu/grids.html
2 http://wwwuser.oats.inaf.it/castelli/
7.50 dex as in Caffau et al. (2011) for the Solar abundance of
sulphur and iron, respectively.
We find very homogeneous [S/Fe] ratios for all 6 stars in
M 4 with a mean [S/Fe]LTE = 0.58 ± 0.01 dex with an intrin-
sic spread σ0 = 0.04 dex. The intrinsic spread is calculated as
σ20 = σ
2
[S/Fe]− < ǫrand >
2
, where σ[S/Fe] is the standard devia-
tion of the [S/Fe] ratio from the mean of all stars and < ǫrand >
is the average random error of the individual measurements. The
random errors (ǫrand) are the formal uncertainties based on the
goodness of the χ2 fit. Five of the observed stars in M 22, re-
gardless of their metallicity, have consistent abundances with
a mean [S/Fe]LTE = 0.57 ± 0.01 dex with an intrinsic spread
σ0 = 0.03 dex. There is only one star (ID 200005) that shows
somewhat higher [S/Fe]LTE = 0.78 ± 0.01 dex. The situation is
similar with M 30. Two stars show consistent [S/Fe] ratios with
a mean [S/Fe]LTE = 0.55±0.02 dex and the third one (ID 10849)
has an abnormally high [S/Fe]LTE = 0.86 ± 0.04 dex. Note,
however, that the derived [S/Fe] ratios are strongly dependent
on the effective temperatures and moderately on the gravities,
and metallicities of the stars (see Section 3.2). Thus, reasonable
changes in the effective temperatures of the stars with abnormal
S abundances can bring them in line with the other stars in the
sample, e.g. an increase of Teff by 100 K for star 200005 in M 22
and by 200 K for star 10849 in M 30. Star 200005 also has a
somewhat lower [Fe/H] estimate ∼ 0.1 dex lower than the mean
of the metal-poor population of M 22 (Marino et al. 2009). As it
is indicated in Table 4, increasing the metallicity of the star by
0.1 dex will bring the [S/Fe] ratio down by 0.1 dex, already in a
reasonable agreement with the rest of the stars in M 22.
The reference Fe I line in our spectra for star 200005 is also
not well fit by the synthetic spectrum, with a χ2 estimation about
2.5 times higher than the average for the other stars and cannot be
improved by only changing the macroturbulence velocity. This
means that the model spectrum does not reproduce correctly the
equivalent width of the line, which is another indication that the
stellar parameters for this star might be off. We are able to obtain
very good fits to the iron line by modifying the effective tempera-
ture, gravity, and metallicity of the star but due to the degeneracy
between these parameters, it is difficult to put any firm conclu-
sions on its sulphur abundance. The situation with star 10849
in M 30 (it also has the lowest SNR spectrum in our sample) is
more critical. As our comparison of the stellar parameter deter-
mination using the methodology of Carretta et al. (2009b) and
Marino et al. (2008) for the common stars in M 4 showed, there
are systematic differences but the standard deviations in Teff and
log g appear to be small. We do not have solid reasons to believe
that the relative estimate of the effective temperature of a star in a
homogeneous study could be off by as much as 200 K and it does
not present odd abundance of any other element (Carretta et al.
2009b).
3.2. Systematic uncertainties
In order to estimate the systematic errors of the [S/Fe] ratio
caused by uncertainties in the atmospheric parameters of the
stars, we chose one star from each GC and varied its Teff by
±100 K, log g by ±0.1 dex, vmic by ±0.1 km s−1, and [Fe/H] by
±0.05 dex. These values are very similar to the uncertainties of
the atmospheric parameters given in the literature. The results
are presented in Table 4. In the last column, we list the total sys-
tematic error, which is calculated by combining in quadrature
the uncertainties caused by different parameters. We note, how-
ever, that this is an upper limit of the systematic uncertainties due
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Table 3. Line parameters from VALD.
Element λ χ log g f Damping parameters Landé factor
[nm] [eV] Radiative Stark Waals
S I 1045.54491 6.86001 +0.2501 8.9502 −5.3702 −7.3333 1.2502
Fe I 1045.54044 5.39304 −0.9054 8.4804 −3.9604 −7.5204 1.1304
S I 1045.67571 6.86001 −0.4471 8.9502 −5.3702 −7.3333 2.0002
S I 1045.94061 6.86001 +0.0301 8.9502 −5.3702 −7.3333 1.7502
Fe I 1046.96534 3.88404 −1.1874 6.8304 −6.1504 −7.8204 1.1704
Notes. Line data references: (1) Zerne et al. (1997) (2) Kurucz (2004) (3) Barklem et al. (2000) (4) Kurucz (2007)
Table 4. Systematic uncertainties of [S/Fe].
GC Star ID ∆Te f f ∆ log g ∆vmic ∆[Fe/H] total
+100 K −100 K +0.1 dex −0.1 dex +0.1 km s−1 −0.1 km s−1 +0.05 dex −0.05 dex
M 4 27448 −0.18 +0.20 +0.04 −0.05 −0.01 0.00 −0.03 +0.03 ±0.20
M 22 200051 −0.18 +0.18 +0.05 −0.06 0.00 0.01 −0.05 +0.03 ±0.19
M 30 11294 −0.14 +0.16 +0.05 −0.04 0.00 0.01 −0.02 +0.03 ±0.16
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Fig. 2. Observed (black) and synthetic (red) spectra for the stars in M 4.
The most prominent spectral lines are marked with vertical dotted lines.
The spectra are shifted vertically by an arbitrary value.
to covariances of the different parameters (see McWilliam et al.
1995).
The choice of the atmosphere structure also has a marginal
impact on the derived abundances. For instance, using a Solar-
scaled Kurucz atmosphere model (ODFNEW) would lead to
0.12 dex lower on average S abundances for the stars in M 4.
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Fig. 3. Same as Figure 2 but for the stars in M 22.
The differences are less pronounced in the more metal-poor
GCs where the Solar-scaled models would render S abundances
0.07 dex and 0.04 dex lower for M 22 and M 30, respectively. We
also tested the Marcs 2012 spherically symmetric models, which
are α-enhanced for metallicities below −1 dex (Gustafsson et al.
2008). These models lead to S abundances 0.07 dex higher on av-
erage than the ones stated in Table 1 for all three GCs. All model
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Fig. 4. Same as Figure 2 but for the stars in M 30.
1045.5 1046.0 1046.5 1047.0
λ(nm)
0.6
0.8
1.0
1.2
1.4
1.6
re
la
ti
v
e
 f
lu
x
S I S I S I Ti I Fe I
The Sun
HD 83240
Fig. 5. The S multiplet 3 region in the Sun and the benchmark RGB
star HD 83240 fitted using the same technique as for the GC stars. In
the Sun, we estimate A(S )LTE = 7.26 dex opposed to the adopted So-
lar abundance of A(S ) = 7.16 dex. For HD 83240 we find A(S )LTE =
7.13 dex. Symbols are as in Figure 2.
grids are equally densely populated in the parameter space of
interest.
3.3. NLTE and 3D effects
The S lines at 1045 nm are affected by relatively large NLTE
effects. By extrapolating the NLTE results from the grid of
Takeda et al. (2005) to the stellar parameters of our stars, we
found ∆NLT E = −0.20 dex, ∆NLT E = −0.15 dex, and ∆NLT E =
−0.10 dex for the GCs M 4, M 22, and M 30, respectively. The
corrections become smaller for lower metallicities. This pro-
duces a weak trend of slightly increasing [S/Fe]NLTE ratios with
decreasing metallicity with respect to the very homogeneous
mean [S/Fe]LTE values for the three GCs stated in Section 3.1.
We find [S/Fe]NLTE = 0.38 dex, 0.42 dex, and 0.45 dex for the
GC M 4, M 22, and M 30, respectively – more in-line with the
nominal [α/Fe] = 0.4 dex value for the old halo stellar popu-
lation. Considering the large systematic uncertainties, the small
increase of the [S/Fe]NLTE ratios with decreasing metallicity is
probably insignificant.
According to calculations by Jönsson et al. (2011), based
on the 3D model atmospheres of Collet et al. (2007, 2009), the
3D corrections for S abundances derived from multiplet 3 are
constant and positive at all metallicities for stars with similar
parameters to ours and are in the order of ∆3D = +0.20 dex.
Caffau et al. (2007, 2010) explored the 3D effects of multiplet 3
in dwarf stars and also found positive corrections based on the
CO5BOLD 3D model atmospheres. Although it is inconsistent
to apply their results to giant stars, there is an agreement that
the 3D corrections for the lines at 1045 nm are always positive.
In general, the NLTE and 3D corrections for our stars roughly
compensate each other and are in the order of the systematic
uncertainties. One, however, needs to be conscious when apply-
ing 3D-LTE corrections to 1D-NLTE corrected results since the
abundances derived from full 3D-NLTE analysis might differ
substantially (see Section 3.4). For this reason, and to be con-
sistent with literature [S/Fe] measurements of field and cluster
stars, we consider further in the discussion only the [S/Fe]NLTE
results stated above.
3.4. Sulphur abundance of the Sun and HD83240
Finally, the [S/Fe] ratio is relative to the Solar abundance of
sulphur and therefore it is vital for the proper analysis. We de-
cided to apply the same spectral synthesis technique to the same
region of the Kurucz Solar atlas (Kurucz et al. 1984) and de-
rive the LTE Solar abundance of sulphur estimated from mul-
tiplet 3 (Figure 5). We found A(S ) = 7.26 ± 0.01 dex, which is
by 0.10 dex higher than the nominal value of A(S ) = 7.16 dex
(Caffau et al. 2011) adopted in this work. Our result is, how-
ever, consistent with the Solar value estimated by Caffau et al.
(2007) using the same lines of multiplet 3 (A(S ) = 7.30 dex).
This finding will systematically decrease our derived abundances
in LTE in the three GCs by 0.1 dex. Although the 1D-NLTE and
3D corrections for the Solar abundance derived from multiplet
3 are small and compensating each other – ∆NLT E = −0.07 dex
(Takeda et al. 2005) and ∆3D = +0.07 dex (Caffau et al. 2007), it
is likely that a NLTE analysis performed in a full 3D synthesis
will bring the abundance down to the nominal value. The nom-
inal Solar value is estimated from the S triplet at 675.7 nm and
the [S I] line at 1082 nm, which are virtually unaffected by NLTE
effects (Caffau et al. 2007; Caffau & Ludwig 2007).
In order to test the reliability of our results for RGB GC stars
we also carried out an identical analysis for a well studied gi-
ant benchmark star – HD 83240. We used a CRIRES spectrum
from the library of Lebzelter et al. (2012)3. HD 83240 is classi-
fied as a K1 III star and has a Teff = 4680 K, log g = 2.45 dex,
vmic = 1.3 km s−1 and [Fe/H] = −0.02 dex. Although, no sulphur
abundance was explicitly derived for this star, Mishenina et al.
(2006, 2007) measured the abundances of various light, Fe-peak,
and n-capture elements and found that the star has a Solar abun-
dance pattern with a slight under-abundance of carbon and over-
abundance of nitrogen, consistent with a post first-dredge-up
evolutionary stage. Thus, we assume that HD 83240 also has So-
lar abundance of sulphur. We measured [S/Fe]LTE = −0.01 dex
(Figure 5). The NLTE correction for this star is expected to be in
the order of −0.15 dex and the 3D correction is positive and in
the same order of magnitude.
The Fe I line that we use to adjust the broadening in our
spectra is well reproduced by our synthesis in both the Sun and
3 http://www.univie.ac.at/crirespop/index.html
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HD 83240. Thus we confirm the suitability of the atomic data for
this line.
4. Implications on the Galactic chemical evolution
of sulphur
We should be careful when directly comparing the stellar [S/Fe]
abundance ratios from different studies because they are based
on different methods, different S lines, and different assumptions
in their final results. It has been shown that even after proper
NLTE treatment, the various S features could result in offsets
in the derived abundances (see Jönsson et al. 2011). Having said
that, in Figure 6 we have compiled a large collection of known
[S/Fe] ratios (references are provided in the figure legend and
caption) for Galactic and cluster stars in order to roughly track
the evolution of sulphur. All measurements have been shifted
to the Solar value of sulphur (A(S ) = 7.16 dex) adopted in
this work and NLTE corrections are applied where applicable.
Most of the NLTE corrections come from the calculations of
Takeda et al. (2005), except for the extremely metal poor stars
of Spite et al. (2011) who compute their own NLTE corrections.
We note that, although the NLTE results by both teams are com-
puted for different types of stars, there are some differences in
the overlapping regime. We did not apply 3D corrections in the
results plotted in Figure 6 in order to be consistent with most of
the literature discussions.
There are S abundances derived within the entire span of
metallicities covered by stars in Galactic clusters, although the
sample is still limited and further studies are desirable. In all
analysed clusters, sulphur seems to behave as a typical α el-
ement, meaning that the stars in metal poor Galactic GCs
([Fe/H] < −1.0 dex) have enhanced [S/Fe] abundance ratios and
open clusters of solar metallicity have solar [S/Fe] ratios, con-
sistent with the results for field stars and chemical evolutionary
models. The only exceptions are Tr 5 discussed in Caffau et al.
(2014) and Ter 7 (Caffau et al. 2005b) with anomalously low
[S/Fe] ratios. The latter is associated with the Sagittarius dwarf
spheroidal galaxy and its low [S/Fe] ratio is consistent with the
lower star formation efficiency of its parent galaxy. While the
spread of sulphur on the metal poor plateau as traced by clus-
ter stars is smaller on average than the spread traced by Galactic
field stars we found one star in M 22 and one in M 30 that are
compatible with extreme S abundances.
Messier 4 is the only GC analysed by two teams indepen-
dently (Caffau et al. 2014, and this work) and a more careful
comparison between the results is possible. (Caffau et al. 2014)
derive S abundances for 10 stars using line profile fitting of mul-
tiplet 1 at 920 nm taking also into account the telluric absorption
lines. Although, both studies seem to agree on consistent [S/Fe]
abundance ratios for this GC (see Figure 6), Caffau et al. (2014)
assume lower metallicity for their stars, adopting [Fe/H] =
−1.36 dex for M 4 (Monaco et al. 2012), while the mean [Fe/H]
for our stars is = −1.08 dex (Marino et al. 2008). This discrep-
ancy results into much lower value of A(S ) = 6.11 ± 0.04 dex
estimated by Caffau et al. (2014), compared to our estimate of
A(S ) = 6.46±0.02dex in NLTE. The NLTE corrections for both
multiplets are similar and in the order of 0.2 dex (Takeda et al.
2005). Both studies agree, however, that there is not any signifi-
cant spread in [S/Fe] amongst the RGB stars in M 4.
Finally, we explore the behaviour of sulphur with respect to
other light and α elements. One of the goals of this study is to
probe whether star-to-star variations within an individual GC
are possible as is the case for elements like C, N, O, Na, Al,
and to some extent Mg and Si, which are all correlated between
each other (see the review by Gratton et al. 2012, and references
therein). In Figure 7 (left panel), we plot existing measurements
of [S/Fe] vs. [Na/Fe] for various GCs. In M 4, M 22, and M 30,
we have deliberately targeted stars with different Na abundances
and Figure 7 clearly shows that there is not a S-Na correlation
between stars from these GCs. While the high S star in M 30 is
also Na-rich, the high S star in M 22 has a low Na abundance.
So far, with the only tentative exception of 47 Tuc, already dis-
cussed in Sbordone et al. (2009), it seems that even if present,
star-to-star variations of the sulphuric abundance in GCs are not
caused by the same self-enrichment processes responsible for the
formation of p-capture element abundance variations. We note,
however, that we still lack an extensive study that includes a large
number of stars in a single GC.
In the middle panel of Figure 7 we show the behaviour of the
[S/Ca] ratio in GCs – two α elements carved through the same
production channels. The mean ratio is ∼ 0.1 dex and there is no
trend with metallicity, which suggests that the two elements do
evolve in a lock-step, as expected. There is more scatter in the
[S/Mg] ratio, although the mean value is 0 dex (Figure 7, right
panel). Both elements have slightly different production chains,
so the larger scatter is not surprising. In the pre-supernova evolu-
tion, Mg is produced in the C-convective shell burning, while S
- in the O-convective shell burning. During the explosive nucle-
osynthesis, Mg is produced in C and Ne burning, while S - in O
burning (Limongi & Chieffi 2003). Magnesium could also par-
ticipate in p-capture reactions through the MgAl hydrogen burn-
ing cycle at high temperatures and hence star-to-star variations
of this element are prominent in some GCs. While in a majority
of the observed GC stars covering a large range of metallici-
ties, the behaviour of sulphur with respect to other α elements
favours a typical α-capture origin of this element, the detection
of two very S-rich stars (if confirmed real) may rise the question
of additional production channels.
5. Conclusions
Due to the lack of suitable lines to measure sulphur in the visi-
ble band at low metallicities, the S abundance measurements in
GC stars are quite scarce to date. The present work helps to sub-
stantially increase the sample of cluster stars with determined S
abundances. We measured the [S/Fe] abundance ratio from mul-
tiplet 3 at 1045 nm in 15 RGB stars from three GCs (M 4, M 22,
and M 30) observed with the high-resolution, infrared spectro-
graph CRIRES, mounted at the VLT. The multiplet 3 is suited
for S abundance derivation since the three lines are relatively
strong even at low metallicity and are free of significant stel-
lar blends and telluric contamination. The selected GCs cover a
large range of metallicities (−2.3 < [Fe/H] < −1.0 dex) and the
individual RGB targets were specially selected to have different
Na & O abundances or even different Fe abundances in the case
of the massive GC M 22. This ensured that we have stars belong-
ing to different cluster populations and allowed us to search for
possible star-to-star variations of the S abundance in GCs.
We find that the S abundances derived from multiplet 3 are
very sensitive to changes in the effective temperature of the ob-
served stars and the uncertainty of this parameter dominates the
uncertainty of the measured abundances. The lines of multiplet
3 are also prone to large departures from LTE and are sensi-
tive to horizontal fluctuations of the stellar atmosphere, inferring
large 3D model corrections. The NLTE and 3D corrections are
similar in magnitude and roughly compensate each other, how-
ever the lack of full NLTE analysis performed within the frame-
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Fig. 6. NLTE corrected [S/Fe] abundance ratios as a function of metallicity in Galactic disk and halos stars (black dots: Caffau et al. 2005a;
Jönsson et al. 2011; Takeda & Takada-Hidai 2011; Spite et al. 2011) and cluster stars (colourful symbols). All abundances are referenced to the
adopted Solar value of A(S ) = 7.16 dex. The random errors of our GC stars are comparable to the symbol sizes. The maximum systematic error
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work of a 3D atmospheric model introduces additional system-
atic uncertainty. Nevertheless, we perceive very small star-to-
star scatter in the majority of the observed stars in the three GCs
consistent with a narrow plateau ([S/Fe]LTE = 0.57 ± 0.01 dex,
σ0 = 0.03 dex; [S/Fe]NLTE = 0.40 dex, σ0 = 0.05 dex), as ex-
pected for the behaviour of a typical α element at low metal-
licity in the Milky Way. Sulphur appears to vary in a lock step
with Ca, a well studied α element most likely produced through
the same nuclear channels. The mean [S/Mg] ratio is Solar but
with a larger scatter due to the more complex production path
of Mg, which could also participate in the self-enrichment pro-
cesses that take place in GCs.
One star in the GC M 22 and one star in the GC M 30 are
found to be exceptionally S rich, being consistent with the high
S measurements in some field stars (e.g. Caffau et al. 2005a). We
consider the possibility that these are erroneous measurements
due to some deviation from the true atmospheric parameters of
the two stars but we cannot undoubtedly exclude the possibility
of observing genuine S-rich stars in GCs. The S-rich stars do
not show clear correlations with p-capture elements like Na and
O, so we conclude that S is not produced during hot hydrogen
burning reactions responsible for the formation of multiple pop-
ulation in GCs. Discovering stars with confirmed extreme [S/Fe]
ratios in different stellar environments would require the inven-
tion of new production mechanisms for sulphur.
Clearly more observations are needed, in particular large ho-
mogeneous samples, to conclusively constrain the S abundances
in GCs.
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